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Abstract
We find Wess-Zumino actions for kappa invariant type IIB D-branes in explicit
forms. A simple and compact expression is obtained by the use of spinor variables
which are defined as power series of differential forms. Using the Wess-Zumino
actions we develop the canonical formulation and find the complete set of the con-
straint equations for generic type IIB D-p-branes. The conserved global supersym-
metry charges is determined and the algebra containing the central charges can be
obtained explicitly.
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1 Introduction
The superstring theories1 are promising approaches to the unified theory. In their
non-perturvative approaches D-branes play important roles [2][3]. D-branes, as well as
superstrings, are characterized by the diffeomorphism, the local supersymmetries (kappa
symmetry) and the global super-Poincare´ invariance. Kappa invariant D-brane actions
have been proposed in [4][5][6][7][8]. The action of the D-branes consists of two parts, the
Dirac-Born-Infeld (DBI) action and the Wess-Zumino (WZ) action. The DBI lagrangian
is manifestly symmetric under SUSY transformation while the WZ lagrangian is pseudo
symmetric, i.e. invariant up to total derivative terms. Under the kappa transformation
only the sum of DBI and WZ actions remain invariant.
In this paper we develop the canonical formulation of the D-p-branes for generic p.
It is the first step towards the quantum theories; in canonical, path integral, BRST
quantizations and so on. It has been discussed the canonical quantization in connection
with the covariant gauge fixing for D-particle and D-string [9][10].
The defining equation of the WZ action for type IIB D-p-brane in the flat background
is, using the notation of [5], as
d LWZ = T dθ SB τ1 dθ eF . (1.1)
The integrability is guaranteed by the Bianchi identity for the Ramond/Ramond curvature
R = dθSBτ1dθ and the WZ action is determined up to exact forms. The WZ action LWZp+1
of the IIB D-p-brane is the (p + 1) form part of the WZ action LWZ . (1.1) would be
sufficient in most purposes; the local and global supersymmetry invariances can be proven
using only the defining equation. In the case of super p-brane the algebras of covariant
derivatives and SUSY were determined from the Ramond/Ramond curvature by using
the covariance under supertranslations [11]. However the integrated form for LWZ is
often desirable. In the canonical quantization the form of the WZ action is required. For
the general D-p-branes it had not been fully studied since the explicit form of the WZ
action was not available [9][12]. In order to perform the canonical analysis for the general
D-p-branes, we obtain the WZ action in explicit form in this paper.
Integration of the differential equation (1.1) is not straightforward except for small p.
Finding out appropriate variables are essential to perform this integration. In this paper
we introduce new spinor variables, ΘC and ΘS, which are power series of the differential
forms. After integrating (1.1), the resultant WZ action is obtained as
LWZ = T ( ΘC SB + ΘS CB ) τ1 eF dθ. (1.2)
Using this we introduce canonical momenta and derive the complete set of constraint equa-
tions for the IIB D-p-branes. We also derive the conserved SUSY charges and compute
the SUSY algebra and the central charges for the IIB D-p-branes as functions of world
volume variables. As was discussed in [13][11] the SUSY algebras of extended objects can
induce central extensions due to the pseudo-invariance of the WZ action under the SUSY
transformations. The SUSY algebras exhibit their BPS properties and discussions of the
central charges are one of the important current interests [14, 15, 16]. Local and global
1See [1] for the review.
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supersymmetries of super D-1-brane are deeply related as demonstrated in the reference
[10]. Such relation can be examined for D-p-branes with arbitrary p, once explicit forms
of kappa constraints, SUSY charges and their algebras are determined. These analysis will
give the correct treatments of fermionic degrees of freedom leading to quantum D-brane
theories.
In section 2 we introduce some crucial definitions and formulas and integrate (1.1) to
find the WZ action LWZ (1.2). In section 3 the constraint equations in the Hamiltonian
formalism are derived. The algebra of fermionic constraints is computed and the kappa
symmetry of the system is assured in section 4. In section 5 we show the quasi invariance
of the WZ lagrangian under the SUSY transformation. The super symmetry charges are
constructed by utilizing the the surface term of the SUSY transformation. In section 6
the global supersymmetry algebra is computed and the expressions of the central charges
are presented. In the last section we give short summary and discussions. We add some
detailed formulas in Appendix for convention.
2 WZ action
The actions of the super D-branes are described by the 10D target space vector coor-
dinates Xm, (m = 0, ..., 9), Majorana-Weyl spinors θαA, (A = 1, 2) and U(1) gauge field
Aµ, (µ = 0, .., p). In this paper we consider general type IIB theory ( p=odd ) and the
two Majorana-Weyl spinors (A=1,2) have the same chirality. The action is constructed
from global SUSY invariant forms. They are dθ ,
Πℓ ≡ dXℓ + θ Γℓ dθ ≡ dσµ Πℓµ (2.1)
and
F ≡ dA + θ τ3Γℓ dθ ( Πℓ − 1
2
θΓℓ dθ ) ≡ 1
2
dσµdσν Fµν . (2.2)
We follow the notations of [5] except their ψ is denoted as /Π = ΠmΓm. Remember the
spinors anticommute with odd forms.
The DBI lagrangian density
LDBI = − T
√
−det(Gµν + Fµν). (2.3)
is invariant under global SUSY since the induced metric Gµν = Π
m
µ Πmν and U(1) field
strength F are invariant. On the other hand the SUSY transformation of the WZ la-
grangian density is a total divergence. It is seen from (1.1) that dLWZ is given by a SUSY
invariant form. In this section we solve the (1.1) to find the explicit form of LWZ .
As preparations we give some useful definitions and formulas. First one is SB and CB
introduced in [5]
SB(/Π) =
∑
ℓ=0
τ3
ℓ /Π
2ℓ+1
(2ℓ+ 1)!
= /Π + τ3
/Π3
3!
+
/Π5
5!
+ ... , (2.4)
CB(/Π) =
∑
ℓ=0
τ3
ℓ+1 /Π
2ℓ
(2ℓ)!
= τ3 +
/Π2
2!
+ τ3
/Π4
4!
+ ... . (2.5)
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Second is 2× 2-matrix valued 10D vector defined for any type IIB spinors ψ and φ
V mψ,φ ≡ (ψ Γm φ) + τ3 (ψ τ3 Γm φ). (2.6)
Using this notation the cyclic identity holds as
/V ψ,φ θ + /V φ,θ ψ + /V θ,ψ φ = 0 (2.7)
for three odd IIB spinors. It frequently appears an expression
V m ≡ V mθ,dθ = (θ Γm dθ) + τ3 (θ τ3 Γm dθ). (2.8)
The cyclic identity (2.7) tells, for example,
d/V θ + 2 /V dθ = 0, → d/V dθ = 0, V · dV = 0. (2.9)
Third is j-form IIB spinor Θj defined by
Θj ≡ /V Θj−1 = ... = /V j Θ0, Θ0 ≡ θ. (2.10)
It has the j + 1 parity . It holds an important formula
d Θj =
2j + 1
2
d/V Θj−1 , (j = 1, 2, ...) (2.11)
which is proved by induction ( see Appendix (A.25)).
The important quantities describing the D-branes are odd IIB spinor form ΘS and
even one ΘC defined by
ΘS ≡
∑
n=0
1
(4n+ 3)!!
(−τ3)n+1 Θ2n+1 = − 1
3!!
τ3 /V θ +
1
7!!
/V 3 θ − ...,
ΘC ≡
∑
n=0
1
(4n+ 1)!!
(−τ3)n Θ2n = θ − 1
5!!
τ3 /V
2 θ + ... . (2.12)
Using (2.11) they are shown to satisfy
d ΘC = dθ +
1
2
d/V ΘS, d ΘS = − 1
2
τ3 d/V ΘC . (2.13)
Here dθ term appears from n=0 term.
The last is S1 and C1, which are respectively TB and ρB of ref.[5],
S1 = SB τ1 eF , C1 = CB τ1 eF . (2.14)
They satisfy, using (A.17),
d S1 = 1
2
τ3 [ d /V C1 + C1 d /V ],
d C1 = 1
2
[ d /V S1 − S1 d /V ]. (2.15)
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Now we are ready to integrate (1.1)
d LWZ = + T dθ S1 dθ (2.16)
to find the LWZ . We first write the right hand side of (2.16) as
dθ S1 dθ = d L1 + I1, L1 = θ S1 dθ, I1 = θ d ( S1 dθ ). (2.17)
Using (2.15), (2.9) and (2.11)
I1 = θ
1
2
d /V τ3 C1 dθ = d ( − 1
3
θ /V ) τ3 C1 dθ ≡ d L2 + I2 (2.18)
with
L2 =
1
3
Θ1 (−τ3) C1 dθ , I2 = 1
3
Θ1 τ3 d ( C1 dθ ). (2.19)
Repeating this procedure ( actually it terminates at (p+ 1)-th step for the p brane ) and
summing up Lj ’s we arrive at a compact expression for the WZ action. It is, up to a total
exterior derivative term,
LWZ = T ( ΘC S1 + ΘS C1 ) dθ , (2.20)
where ΘS and ΘC are ones defined in (2.12). The WZ actions of the D-p-brane is the
(p+ 1) form part of (2.20).
It is straightforward to confirm (2.16) by using (2.13) and (2.15):
d LWZ = T [(dθ − 1
2
ΘSd/V )S1 − ΘC{1
2
τ3(d/V C1 + C1d/V )}
+ (
1
2
ΘCτ3d/V )C1 + ΘS{1
2
(d/V S1 − S1d/V )}]dθ = T dθS1dθ , (2.21)
where only dθ term in dΘC survives to give (2.16).
3 Hamiltonian constraints
In this section we develop the canonical formalism and find the constraint equations
for the IIB D-branes.
The lagrangian density of the system is
L = LDBI + LWZ (3.1)
LDBI = − T
√
−det(Gµν + Fµν) ≡ − T
√
−GF . (3.2)
The WZ action has been determined in (2.20)
LWZ = [LWZ ]p+1, LWZ = T ( ΘC S1 + ΘS C1 ) dθ . (3.3)
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where [ ]p+1 means p+1-form coefficient ( coefficient of dσ
0...dσp in the p+1 form term
). Let a, b run from 1 to p. We regard L as a function of Π0, F0a, θ˙ and others,
L = LDBI(Π0, F0a, θ˙, ...) + LWZ(Π0, F0a, θ˙, ...). (3.4)
We first define the canonical momenta pm, ζ, E
µ conjugate to Xm, θ and Aµ. They
are


pm ≡ ∂L∂x˙m = ∂L
DBI
∂Πm0
+ ∂L
WZ
∂Πm0
+ ∂L
∂F0a
(θ τ3 Γm ∂aθ),
ζ ≡ ∂rL
∂θ˙
= (∂L
WZ
∂θ˙
) + ( ∂L
∂Πm0
+ ∂L
∂F0a
∂F0a
∂Πm0
) (−θ Γm)
+ ∂L
∂F0a
[− θ τ3Γℓ ( Πℓa + 12 θΓℓ∂aθ ) + 12 θΓℓ(θ τ3Γℓ ∂aθ)],
Ea ≡ ∂L
∂A˙a
= ∂L
∂F0a
= ∂L
DBI
∂F0a
+ ∂L
WZ
∂F0a
(3.5)
and
E0 ≡ ∂L
∂A˙0
= 0. (3.6)
The last one is U(1) constraint.
We show how the expressions for ∂LWZ/∂Π0, ∂LWZ/∂F0a, ∂LWZ/∂θ˙ are computed
from LWZ without decomposing the differential forms. Using the definition (2.2) and
(2.14), ∂LWZ/∂F0a is p+ 1 form coefficient of
∂LWZ
∂F0a = [dσ
0dσa LWZ ]. (3.7)
Since explicit Π appears only in S1 and C1 in LWZ , ∂LWZ/∂Πm0 is (p+1) form coefficient
of
∂LWZ
∂Πm0
= − T dσ0[ ΘC (τ3 C1Γm − τ3 S1 Πm)
+ ΘS ( S1 Γm − τ3 C1 Πm) ] dθ, (3.8)
where we have used (A.7). ∂LWZ/∂θ˙ is obtained from LWZ by using ∆ΘC and ∆ΘS in
(A.34) and (A.35). Multiplying an odd spinor f , (∂LWZ/∂θ˙)f is (p+1) form coefficient
of
∂LWZ
∂θ˙
f = T dσ0 [ ( ΘC S1 + ΘS C1 ) f
+ ( Σ
1
C [f ] S1 + Σ1S[f ] C1 ) dθ ], (3.9)
where
∆θ = 0, ∆V = Vθ,dσ0f = − dσ0 Vθ,f (3.10)
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in (A.34) and (A.35) and the explicit forms of Σ
1
C [f ] and Σ
1
S[f ] are given in the Appendix
(A.37).
In the Hamiltonian constraints the momenta appear in the following combinations,
E˜a and p˜m,


p˜m ≡ pm − ∂LWZ∂Πm0 − E
a (θ τ3 Γm ∂aθ)
E˜a ≡ Ea − ∂LWZ
∂F0a
. (3.11)
Since LWZ(Π0, F0a, θ˙, ...) is linear in the velocities by construction, they are functions
of canonical variables. (3.5) tells that they are contributions from the DBI action to the
momenta and are


p˜m =
∂LDBI
∂Πm0
= − T
2
√−GF ( Gµ0F + G0µF ) Πµm
E˜a = ∂L
DBI
∂F0a
= − T
2
√−GF ( Ga0F − G0aF )
. (3.12)
It follows p+1 bosonic constraints
Ta ≡ p˜ Πa + E˜b Fab = 0, (a = 1, 2, ...p) (3.13)
H ≡ 1
2
[ p˜2 + E˜a Gab E˜
b + T2GF ] = 0, (3.14)
where
GF = det(G+ F)ab. (3.15)
The fermionic constraint follows from the definition of the momentum ζ in (3.5),
F ≡ ζ + pℓ (θ Γℓ) + Ea [ θ τ3Γℓ ( Πℓa +
1
2
θΓℓ∂aθ )
− 1
2
θΓℓ(θ τ3Γℓ ∂aθ)] − (∂L
WZ
∂θ˙
) = 0. (3.16)
The primary constraints are (3.13), (3.14), (3.16) and (3.6). The primitive forms of these
constraint equations have been presented in [9] in connection with the discussions of the
covariant quantization.
The generalized Hamiltonian H = pq˙ − L is calculated only using (p− ∂L/∂q˙)2 ≡ 0
[17] as
H =
∫
dσp[ λ0 H + λa Ta + F θ˙ + E
0 A˙0 − A0 ∂aEa ], (3.17)
where
λ0 =
−1
T
√−GFG00F
, λa =
Ga0F +G
0a
F
−2G00F
. (3.18)
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The consistency condition that the primary U(1) constraint (3.6) is preserved in time
requires secondary Gauss law constraint
∂a E
a = 0. (3.19)
The consistency of other constraints requires the form of θ˙ in the Hamiltonian as
θ˙ = (λ0 τ˜a + λa) ∂aθ + Ξ χ, (3.20)
where
τ˜a = E˜a τ3 + T τ3 [dσ
a C1]p (3.21)
and Ξ is a nilpotent matrix appearing in the Poisson bracket of F ’s (see next section)
Ξ ≡ /˜p + /Πa E˜a τ3 + T [S1]p, (3.22)
and χ is an arbitrary spinor coefficient. Here [....]p is the spatial p form coefficient (
coefficient of dσ1...dσp ) of the expression [....]. (3.20) is equivalent to the field equation
of θ. Using it the Hamiltonian (3.17) is written as
H =
∫
dσp[ λ0 H˜ + λa T˜a + F˜ χ + E
0 A˙0 − A0 ∂aEa ], (3.23)
where 

H˜ = H + F τ˜a ∂aθ,
T˜a = Ta + F ∂aθ = p ∂ax + ζ ∂aθ + E
b Fab,
F˜ = F Ξ.
(3.24)
The fact that all constraints are preserved in time for arbitrary undetermined multi-
pliers λµ, χ, A0 and A˙0 means that the constraints H˜, T˜a, F˜ , E
0 and ∂aE
a are the first
class constraints. H˜ and T˜a are the first class constraints generating the p + 1 dimen-
sional diffeomorphism. E0 and ∂aE
a are the standard U(1) generators. As will be shown
explicitly in the next section the fermionic constraint F is a mixture of first and second
class constraints as in the case of the superstring theories. The half components F˜ are the
first class constraints generating the kappa transformations and other half are the second
class ones. In the next section we find the Poisson bracket of F ’s and examine the kappa
symmetry using the explicit form of the WZ actions (3.3).
4 Algebra of F ’s
To find the (graded) Poisson bracket algebra of the fermionic constraints we define
F [f ] by multiplying a well behaved odd function f
F [f ] ≡
∫
dσ F (σ) f(σ)
=
∫
dσ [ζf + pm (θ Γ
m f) + Ea { θ τ3Γℓ f ( Πℓa +
1
2
θΓℓ∂aθ )
− 1
2
θΓℓ f (θ τ3Γℓ ∂aθ)}] +
∫
dσ [− ∂L
WZ
∂θ˙
f ]
≡ F (1)[f ] + F (2)[f ], (4.1)
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where ∂L
WZ
∂θ˙
f is given in (3.9) and is a function of only coordinate variables. F (1) is the
WZ action independent part and satisfies
{ F (1)[f ], F (1)[g] } =
∫
dσ [ − 2 (fΓm g)(pm − Ebθτ3Γm∂bθ) − 2 (fτ3Γmg)(Eb Πmb )
+
1
2
(∂aE
a){(θΓf)(θτ3Γg) − (θΓg)(θτ3Γf)} ]. (4.2)
Here the last term is the Gauss law constraint term.
The WZ action dependent part F (2) does not contain momentum and the Poisson
bracket with itself vanishes,
{ F (2)[f ], F (2)[g] } = 0 (4.3)
while
{ F (1)[f ], F (2)[g] } + { F (2)[f ], F (1)[g] } =∫
dσ [ f t
∂ℓ
∂θ
(
∂LWZ
∂θ˙
g) + ∂af
t ∂
ℓ
∂∂aθ
(
∂LWZ
∂θ˙
g) − 2 (fΓm∂aθ) ∂
ℓ
∂Πma
(
∂LWZ
∂θ˙
g)
−2 (fτ3Γℓ∂aθ Πℓb)
∂ℓ
∂Fab (
∂LWZ
∂θ˙
g) ] − {f ↔ g} , (4.4)
where {f ↔ g} is terms in which f and g are interchanged. The sum of these terms
gives the Poisson bracket of F ’s,
{F [f ], F [g]} =
∫
dσ [ − 2 ( f Ξ g ) + 1
2
(∂aE
a){(θΓf)(θτ3Γg)− {f ↔ g} }]. (4.5)
The second term is the Gauss law constraint term and Ξ is given by
Ξ ≡ /˜p + τ3 /Πa E˜a + T Ξ(1), Ξ(1) ≡ [S1]p. (4.6)
We can show that Ξ is nilpotent on the bosonic primary constraints (3.13) and (3.14).
It is reflecting the fact that the half components of the fermionic constraints are the first
class while the remaining half are the second class constraints. By squaring
(Ξ)2 = ( /˜p + τ3 /Πa E˜
a + T Ξ(1) )2. (4.7)
The squares of each terms are
/˜p2 = p˜2, ( τ3 /Πa E˜
a )2 = E˜a E˜b Gab, (Ξ
(1))2 = GF . (4.8)
The last equality is essentially shown in the appendix A of [5]. The sum of these three
terms vanish on the bosonic primary constraint H in (3.14). The cross terms are
/˜p (τ3 /Πa E˜
a) + (τ3 /Πa E˜
a) /˜p = τ3 E˜
a ( 2 p˜ Πa ) = 2 τ3 E˜
a Ta
/˜p Ξ(1) + Ξ(1) /˜p = − 2 [(p˜ Π) C1 τ3]p,
τ3 /Πa E˜
a Ξ(1) + Ξ(1) τ3 /Πa E˜
a = − 2 [(E˜b Fab dσa) C1 τ3]p. (4.9)
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The first one vanishes on the constraint (3.13). The sum of second and third terms also
vanish on the constraint Ta. In summary
(Ξ)2 = 2 H + 2 τ˜a Ta , (4.10)
where τ˜a is defined in (3.21). It shows the Ξ is used to construct the first class constraints,
F˜ = F Ξ, (4.11)
which are the generators of the kappa transformations as in the case of the superstring
theories.
5 Global SUSY transformations
The global supersymmetry transformations of X and θ are
δǫ θ = ǫ, δǫ X
m = ǫ Γm θ. (5.1)
For the U(1) potential it is defined so that its field strength F is SUSY invariant [5] as
δǫ A = ǫ τ3 Γ θ d X − 1
6
ǫ τ3 /V θ. (5.2)
In the canonical formalism the supersymmetry generator is
Q ǫ =
∫
dσp (pm δǫ X
m + ζ δǫ θ + E
a δǫ Aa) −
∫
dσp F 0ǫ
≡ Q1ǫ + Q2ǫ . (5.3)
Q1 is the WZ action independent part and is
Q1ǫ =
∫
dσp [ ζ ǫ − θ Γm ǫ ( pm − 1
6
θ τ3 Γm ∂aθ E
a )
− θ τ3 Γm ǫ Ea ( ∂a Xm − 1
6
θ Γm ∂aθ )]. (5.4)
F 0ǫ is determined from the surface term of the SUSY variation of the lagrangian,
δǫ L
WZ ≡ d ( T [q2ǫ ] ), and F 0ǫ = T [q2ǫ ]p. (5.5)
where [q2ǫ ]p is spatial p-form coefficient of [q
2
ǫ ] and
Q2ǫ = − T
∫
dσp [q2ǫ ]p. (5.6)
In the WZ action (2.20) S1, C1 and dθ are SUSY invariant only ΘC and ΘS are varied
δǫ L
WZ = T ( δǫΘC S1 + δǫΘS C1 ) dθ = ΨS dθ, (5.7)
where we define
ΨS ≡ T ( δǫΘC S1 + δǫΘS C1 ), ΨC ≡ T ( − δǫΘC C1 τ3 + δǫΘS S1 ). (5.8)
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Using (2.13) and (2.15) they satisfy
d ΨS = − 1
2
ΨC d/V , d ΨC = − 1
2
ΨS τ3 d/V . (5.9)
Writing (5.7) as
δǫ L
WZ = d[ ΨS θ ] − (dΨS) θ (5.10)
and use (5.9) and (2.11). As in the procedure leading to (2.20) we continue to arrive at
δ LWZ = d [ ΨS ΘC + ΨC τ3 ΘS ]. (5.11)
Up to now we have only used the fact that δǫ is even variation and the transformation
is global, δǫdθ = 0 . The forms of SUSY variation δǫΘC and δǫΘS are
δǫΘC = ǫ + d Σ
1
C [ǫ] + Σ
2
C [ǫ], δǫΘS = d Σ
1
S[ǫ] + Σ
2
S[ǫ], (5.12)
where Σ
1
C [ǫ] and Σ
1
S[ǫ] are given in the Appendix (A.37) and Σ
2
C [ǫ] and Σ
2
S[ǫ] are satisfying
Σ
2
C [ǫ] = −
1
2
Σ
1
S[ǫ] d/V − ΘS /V ǫ,dθ,
Σ
2
S[ǫ] = (
1
2
Σ
1
C [ǫ] d/V − ΘC /V ǫ,dθ ) τ3. (5.13)
Using them we can determine the surface term appearing in the SUSY variation of the
WZ lagrangian,
δǫ L
WZ = T d [ ǫ ( S1 ΘC − C1 ΘS ) + (Σ1C [ǫ] S1 + Σ1S[ǫ] C1) dθ
− ΘS /V ǫ,dθ S1 ΘC + ΘS /V ǫ,dθ C1 ΘS
+ ΘC /V ǫ,dθ S1 ΘS + ΘC /V ǫ,dθ C1 τ3 ΘC ] ≡ T d [q2ǫ ]. (5.14)
It gives [q2ǫ ] and Q
2
ǫ is determined from (5.6).
6 SUSY algebra and Central charges
As was discussed in [13][11] the SUSY algebras of extended objects can induce central
extensions by the pseudo-invariance of the WZ action under the SUSY transformations.
We discuss it in the present case of D-p-branes.
We have determined the supersymmetry charge Q = Q1+Q2 for general IIB D-branes
in (5.4) and (5.6) with q2ǫ given in (5.14), up to an exact form, as
q2ǫ = ǫ ( S1 ΘC − C1 ΘS ) + (Σ1C [ǫ] S1 + Σ1S[ǫ] C1) dθ
− ΘS /V ǫ,dθ S1 ΘC + ΘS /V ǫ,dθ C1 ΘS
+ ΘC /V ǫ,dθ S1 ΘS + ΘC /V ǫ,dθ C1 τ3 ΘC . (6.1)
In this section we will find the SUSY algebra and determine the central charges in terms
of the dynamical variables Xm, θ and Aµ.
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In the (graded) Poisson bracket of the supersymmetry charges, {Q1ǫ , Q1ǫ′} is indepen-
dent of the WZ action and is common for all IIB D-branes,
{ Q1ǫ , Q1ǫ′ } =
∫
dσp [ 2 (ǫ Γ ǫ′) p + 2 (ǫ τ3 Γ ǫ
′) ∂aX E
a
− 1
2
(∂a E
a) (θ τ3 Γ ǫ θ Γ ǫ
′ − θ τ3 Γ ǫ′ θ Γ ǫ) ]. (6.2)
The first term is the total momentum term of the SUSY algebra. The last term is the
Gauss law constraint term. Since Q1 generates SUSY transformations for coordinate
variables and Q2 contains only coordinates
{ Q1ǫ , Q2ǫ′ } + { Q2ǫ , Q1ǫ′ } = − δǫ Q2ǫ′ + δǫ′ Q2ǫ ≡ δ[ǫ′ Q2ǫ], (6.3)
{ Q2ǫ , Q2ǫ′ } = 0, (6.4)
where our anti-symmetrization convention is A[ǫBǫ′] = AǫBǫ′ − Aǫ′Bǫ . Thus the SUSY
algebra becomes
{ Qǫ, Qǫ′ } =
∫
dσp [ 2 (ǫ Γ ǫ′) p + 2 (ǫ τ3 Γ ǫ
′) ∂aX E
a
− 1
2
(∂a E
a) (θ τ3 Γ ǫ θ Γ ǫ
′ − θ τ3 Γ ǫ′ θ Γ ǫ) ]
− T
∫
dσp [ δ[ǫ′ q
2
ǫ] ]p. (6.5)
We calculate the last term in the differential form δ[ǫ′q
2
ǫ] . Since dθ, Π, F are SUSY
invariant, only the explicit θ’s are varied in q2ǫ . We use (5.12) and (5.13) for δǫΘC and
δǫΘS and
δ[ǫ′(Σ
1
C [ǫ]]) ≡ dΛ1C + Λ2C , δ[ǫ′(Σ1S[ǫ]]) ≡ dΛ1S + Λ2S , (6.6)
where the explicit form of Λ1’s are given in Appendix (A.40). Λ2’s are related to Λ1’s as
Λ2S = −
1
2
Λ1Cτ3d/V − ΘCτ3/V ǫ′,ǫ − Σ1C [[ǫ′]τ3/V ǫ],dθ
Λ2C =
1
2
Λ1Sd/V + ΘS/V ǫ′,ǫ − Σ1S[[ǫ′]/V ǫ],dθ. (6.7)
After some manipulation we obtain, up to an exact form,
δ[ǫ′ q
2
ǫ] = 2 [ (ǫ − ΘS /V ǫ,dθ ) S1 (ǫ′ + /V ǫ′,dθ ΘS )
+ (ǫ − ΘS /V ǫ,dθ ) C1 τ3 /V ǫ′,dθ ΘC + ΘC /V ǫ,dθ C1 τ3 (ǫ′ + /V ǫ′,dθ ΘS )
− ΘC /V ǫ,dθ S1 τ3 /V ǫ′,dθ ΘC ]. (6.8)
We will express the SUSY algebra in the standard form,
{ QαA, QβB } = − 2 (CΓm)αβδAB Pm + (CΓM)αβ (τJ)AB ZMJ (6.9)
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where the total momentum term is separated as usual and (CΓMτJ) is the complete basis
of gamma matrices and tau matrices[1]. J runs from 0, 1, 2 and 3,
tr
1
2
( τJ τL ) = δJL, (J, L = 0, 1, 2, 3). (6.10)
ΓM ’s are vectors Γm, totally anti-symmetric rank three tensors Γm1m2m3 and totally anti-
symmetric (anti-) self-dual rank five tensors Γm1m2m3m4m5 . They are 10+120+252/2 = 16
2
orthonormal basis for gamma matrices with the definite Weyl projection, (the projection
operators are abbreviated throughout),
tr
1
24
((ΓNC−1)(C ΓM)) = δ
N
M (6.11)
where tr1 = 24 in the subspace by the Weyl projection. We reverse the order of tensor
indices for the ΓM . For example
tr
1
24
(( Γn3n2n1 C−1)(C Γm1m2m3)) = (δ
n1
m1
δn2m2δ
n3
m3
+ ...) (6.12)
where ... means anti-symmetrized terms.
Using (6.5) we obtain the SUSY algebra
{ QαA, QβB } = − 2 (CΓm)αβ δAB Pm
− 2 (τ3)AB (CΓm)αβ
∫
dσp ( ∂aX E
a )
+
1
4
(τ1)AB(CΓm)αβ
∫
dσp(∂aE
a) θ Γm (iτ2) θ
− 1
8
(iτ2)AB(CΓm1m2m3)αβ
∫
dσp(∂aE
a) θ Γm3m2m1 τ1 θ
− (τ˜J)AB(CΓM)αβ 2T
25
(1 + (−)σM+J)
∫
dσp [UMJ ]p. (6.13)
The first term is the total momentum term. The second term is diagonal τ3 term giving
Zm3 ,
Zm3 = − 2
∫
dσp ( ∂aX E
a ). (6.14)
Regarding the Gauss law constraint (3.19) it is a topological charge. The third and forth
terms are the Gauss law constraint terms of (6.5) and vanish on shell. (The sum of
m1m2m3 is only over independent anti-symmetric indices.) The last term is the contri-
bution from the WZ action, i.e. from (6.8) and depends on the form of the WZ action
explicitly. Here τ˜J = τJ for J = 1, 2 and τ˜J = 0 otherwise. σM = 1 for M = m
and M = m1m2m3m4m5, and σM = 0 for M = m1m2m3. It shows it contributes only
to off diagonal {Q1, Q2} and the vectors and the selfdual totally antisymmetric rank 5
tensors associate to τ1 and the totally antisymmetric rank 3 tensors associate to τ2. It
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is consistent with the fact that (6.9) is symmetric under simultaneous exchange of (αA)
and (βB). The possible central charges are (6.14) and
Zm1 = −
T
8
∫
dσp [Um1 ]p −
1
4
∫
dσp(∂aE
a) θ Γmτ1τ3θ ,
Zm3m2m12 = −
T
8
∫
dσp [Um3m2m12 ]p −
1
8
∫
dσp(∂aE
a) θ Γm3m2m1τ2τ3θ.
Zm5m4m3m2m11 = −
T
8
∫
dσp [Um5m4m3m2m11 ]p. (6.15)
where U ’s are given from (6.8) as
UMJ =
1
2
Tr ( τ˜J Γ
M S1 )
+ 2 ( dθ τ˜J ΓℓΓ
MS1Γℓ ΘS + dθ τ˜Jτ3 ΓℓΓMC1Γℓ ΘC )
− ( dθ ΓℓΓMΓn τ˜J dθ)(ΘS ΓnS1Γℓ ΘS + ΘC ΓnS1Γℓ τ3 ΘC +
+ ΘC ΓnC1Γℓ τ3 ΘS − ΘS ΓnC1Γℓ τ3 ΘC )
+ ( dθ ΓℓΓMΓn τ˜Jτ3 dθ)(ΘS ΓnS1Γℓ τ3 ΘS + ΘC ΓnS1Γℓ ΘC
+ ΘC ΓnC1Γℓ ΘS − ΘS ΓnC1Γℓ ΘC ). (6.16)
These Z’s are surface terms. It is seen from the fact that (6.8) is a closed form
d ( δ[ǫ′ q
2
ǫ] ) = 0. (6.17)
The boundary conditions of the D-branes are chosen so that there is no supercurrent flows
from the boundaries or they are periodic for the compact configurations. The surface
terms give topological charges, which may appear from the non-trivial configurations of
the coordinates Xm and the gauge fields Aµ. Assuming the suitable boundary conditions
for θ, Π and F the possible topological terms arise only from the ǫS1ǫ term in (6.8) and
UMJ in the SUSY algebra (6.16) becomes
UMJ =
1
2
Tr ( τ˜J Γ
M SB(dX) τ1 ) edA . (6.18)
where the definition of SB(dX) is given from (2.5). The expression of the topological
central charges Z1 and Z2 of (6.9), up to the Gauss law constraint, are listed in table 1.
In table 1, for example in Z
(3)
2 , (dX)
3 is a symbolic notation of dXm1dXm2dXm3 and
∗(dX)7 is ǫm1m2m3ℓ1ℓ2ℓ3ℓ4ℓ5ℓ6ℓ7dXℓ1dXℓ2dXℓ3dXℓ4dXℓ5dXℓ6dXℓ7/7!.
7 Summary and Discussions
In this paper we develop the canonical formulation of general IIB D-p-branes as the
first step towards the canonical quantization. In order to perform it we first found the
explicit form of WZ actions for IIB D-branes. The differential equation determining
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Table 1: SUSY central charges, Z1 and Z2
Z
(1)
1 Z
(5)
1 Z
(3)
2 /i
D-1 dX 0 0
D-3 dXdA 0 (dX)3
D-5 dX(dA)2/2! ((dX)5 +∗ (dX)5)/2 (dX)3dA
D-7 dX(dA)3/3! ((dX)5 +∗ (dX)5)/2(dA) (dX)3(dA)2/2! +∗ (dX)7
D-9 dX(dA)4/4! +∗ (dX)9 ((dX)5 +∗ (dX)5)(dA)2/4 (dX)3(dA)3/3! +∗ (dX)7dA
the general WZ action given in (1.1) is integrated by utilizing differential forms. We
found convenient spinor forms ΘC and ΘS satisfying (2.13). In terms of ΘC and ΘS, in
addition to SB and CB , we can handle formulas for D-p-branes in the differential forms.
Especially the WZ action is expressed in the simple form as in (2.20). We determined
the set of constraint equations completely in the Hamiltonian formalism. The algebra of
the fermionic constraints tells that a half of them are first class constraints generating the
kappa symmetry and another half are second class constraints.
We also constructed SUSY charges and computed Poisson bracket algebra. We found
expressions of SUSY central charges in terms of worldvolume variables. The appearance
of the topological charges in the SUSY algebra of extended models have been discussed
in [13][11][18]. Recently Hammer examined the SUSY algebra of IIA D-p-branes [19].
The possible forms of the conserved SUSY charges and their algebra have been discussed
mainly from the point of view of the algebraic consistency. Although the full WZ action
is not taken into account topological charges are found using the leading terms. They
correspond, in our discussions of IIB theory, to θ independent part of U1 term (6.18). The
possible interpretations of the central charges are also presented in them.
The case for type IIA D-branes can be done straightforwardly. As is suggested [5] the
τ3 matrix is replaced by Γ11 in appropriate ways for the IIA models. However we didn’t
go into it since it requires some more delicate notations. We leave the IIA theories for
future publication [20].
Interesting issue is the covariant quantization of the kappa invariant theories, the
superstrings and super D-branes. Kallosh [9] discussed it for the D0 brane in detail and
drew sketches for D-p-branes. We discussed it for the D1 brane in detail in [10] and
pointed out origins of its difficulties. Towards the covariant quantization of super-D-
branes it requires further investigations.
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A Definitions and useful formulas
The definition of CB and SB are same as in [5] ( their ψ is denoted as /Π )
CB(/Π) =
∑
ℓ=0
τ3
ℓ+1 /Π
2ℓ
(2ℓ)!
= τ3 +
/Π2
2!
+ τ3
/Π4
4!
+ ... ,
SB(/Π) =
∑
ℓ=0
τ3
ℓ /Π
2ℓ+1
(2ℓ+ 1)!
= /Π + τ3
/Π3
3!
+
/Π5
5!
+ ... . (A.1)
For any one form vector such as Πm we have
Γm /Π
s = (−)s /Πs Γm + 2 s Πm /Πs−1 (A.2)
then
SB Γm = − Γm SB + 2 τ3 CB Πm ,
CB Γm = Γm CB + 2 SB Πm. (A.3)
For odd variation δ and for any one form vector such as Πm
δ /Πℓ = ℓ(ℓ− 1) (−)ℓ /Πℓ−2 (Πm δ Πm) − (−)ℓ ℓ /Πℓ−1 (Γm δ Πm). (A.4)
Using them we have
δ SB = τ3 CB (Γm δ Πm) − τ3 SB (Πm δ Πm),
δ CB = − SB (Γm δ Πm) + τ3 CB (Πm δ Πm). (A.5)
The formula for even variation ∆ are obtained by writing δ = c∆ and removing the
odd constant c from the both sides. From (A.4)
∆ /Πℓ = − ℓ(ℓ− 1) /Πℓ−2 (Πm ∆ Πm) + ℓ /Πℓ−1 (Γm ∆ Πm). (A.6)
From (A.5) we have
∆ SB = τ3 CB (Γm ∆ Πm) − τ3 SB (Πm ∆ Πm),
∆ CB = + SB (Γm ∆ Πm) − τ3 CB (Πm ∆ Πm) , (A.7)
For two form F
δ eF = eF δ F , ∆ eF = eF ∆ F . (A.8)
Up to now we have used only properties of gamma matrices.
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In this paper we consider three kind of derivations, exterior derivative, global SUSY
transformations and kappa transformations; δ → d, cδǫ, cδκ , where c is an odd
constant. Under these derivations
dθ, dΠm = dθ Γm dθ, dF = dθ τ3 /Π dθ, (A.9)
δθ = cǫ, δ Πm = 0, δ F = 0, (A.10)
δθ = c δκ θ, δΠ
m = 2 δθ Γm dθ, δF = 2 δ θ τ3 /Π dθ, (A.11)
respectively. We can express them collectively as
δχΠ
m = χ Γm dθ, δχF = χ τ3 /Π dθ, (A.12)
and
χ = dθ for d, (A.13)
χ = 0 for SUSY, (A.14)
χ = 2 δθ for kappa. (A.15)
Using the notation (2.6), S1 and C1 in (2.14) satisfy
δχ S1 = 1
2
τ3 [ /V χ,dθ C1 + C1 /V χ,dθ ], (A.16)
δχ C1 = 1
2
[ /V χ,dθ S1 − S1 /V χ,dθ ]. (A.17)
Especially for δ = d it gives (2.15).
Another important quantities we use are j-form spinor Θj (with parity j+1) defined
by
Θj = /V Θj−1 = ... = /V
j Θ0, Θ0 ≡ θ. (A.18)
It follows
Θj = (−)j−1 Θj−1 /V = ... = (−)
j(j−1)
2 θ /V j. (A.19)
We further define
ΘC =
∑
n=0
1
(4n+ 1)!!
(−τ3)n Θ2n =
∑
n=0
1
(4n+ 1)!!
(−τ3)n /V 2n θ,
ΘS =
∑
n=0
1
(4n+ 3)!!
(−τ3)n+1 Θ2n+1 =
∑
n=0
1
(4n+ 3)!!
(−τ3)n+1 /V 2n+1θ, (A.20)
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or equivalently
ΘC =
∑
n=0
1
(4n + 1)!!
Θ2n (−τ3)n =
∑
n=0
1
(4n+ 1)!!
θ /V 2n τ3
n,
ΘS =
∑
n=0
1
(4n+ 3)!!
Θ2n+1(−τ3)n+1 = −
∑
n=0
1
(4n+ 3)!!
θ /V 2n+1τ3
n+1. (A.21)
We start with finding formulas of variations of Θ’s under general odd derivations of θ.
δ Θj = − 2j + 1
2
Θj−1 δ /V
+ (−)j(j + 1)(j − 1) Θj−2 (δB B) − (−)
j(j−1)
2 ρδ /V
j−1, (A.22)
where
ρδ ≡
1
2
θ d/V θ,δθ + dθ /V θ,δθ = − 1
2
θ (δ/V ) − (δθ) /V , (A.23)
(A.22) is valid also for j=1 since the second term vanish and is proved by the mathematical
induction.
Using it we have
δΘC = δθ − 1
2
ΘS δ /V
+
∑
n=1
4n2 − 1
(4n+ 1)!!
Θ2n−2(−τ3)n(δV V )−
∑
n=1
1
(4n+ 1)!!
ρδ /V
2n−1τ3
n
and
δΘS =
1
2
ΘC τ3 δ /V
− ∑
n=1
2n(2n+ 2)
(4n+ 3)!!
Θ2n−1(−τ3)n+1(δV V ) +
∑
n=0
1
(4n+ 3)!!
ρδ /V
2nτ3
n+1. (A.24)
For δ = d, (A.22) becomes
d Θj = − 2j + 1
2
Θj−1 d/V ,
d Θj =
2j + 1
2
d/V Θj−1 , (j = 1, 2, ...) (A.25)
since the second and third terms of (A.22) disappear by
(dV V ) = 0, ρ = (
1
2
θ d/V + dθ /V ) = 0. (A.26)
Similarly (A.24) becomes for δ = d
d ΘC = dθ − 1
2
ΘS d/V , d ΘC = dθ +
1
2
d/V ΘS,
d ΘS =
1
2
ΘC τ3 d/V , d ΘS = − 1
2
τ3 d/V ΘC . (A.27)
18
We express (A.24) as
δ ΘC = δθ + d Σ
1
C(δθ) + Σ
2
C(δθ)
δ ΘS = d Σ
1
S(δθ) + Σ
2
S(δθ) (A.28)
where Σ(δθ)’s are arranged so that they do not contain d(δθ) . The expressions for
Σ(δθ)’s are
Σ
1
C(δθ) =
∑
n=0
2n+ 2
(4n+ 5)!!
[ Θ2n+1 /V θ,δθ + (2n+ 1) Θ2n (Vθ,δθ V ) ](−τ3)n+1
Σ
1
S(δθ) =
∑
n=0
2n+ 1
(4n+ 3)!!
[ − Θ2n /V θ,δθ + 2n Θ2n−1 (Vθ,δθ V ) ](−τ3)n+1 (A.29)
and Σ
2
’s are related to Σ
1
’s by
Σ
2
C(δθ) =
1
2
Σ
1
S(δθ) d/V − ΘS /V δθ,dθ, (A.30)
Σ
2
S(δθ) = ( −
1
2
Σ
1
C(δθ) d/V + ΘC /V δθ,dθ ) τ3. (A.31)
Corresponding relations for even variation is from (A.22)
∆ Θj = − (−)j 2j + 1
2
Θj−1 ∆ /V
+ (j + 1)(j − 1) Θj−2 (V ∆V )
− (−) j(j−1)2 {1
2
θ ∆/V − ∆θ /V } /V j−1, j ≥ 1. (A.32)
where
∆ V = V∆θ,dθ + Vθ,∆dθ = − d Vθ,∆θ + 2 V∆θ,dθ. (A.33)
From (A.24)
∆ ΘC = ∆θ − 1
2
ΘS ∆ /V
+
∑
n=1
(2n+ 1)(2n− 1)
(4n+ 1)!!
Θ2n−2 (−τ3)n (V ∆V )
− ∑
n=1
1
(4n+ 1)!!
{1
2
θ ∆/V − ∆θ /V }/V 2n−1 τ3n, (A.34)
∆ ΘS = − 1
2
ΘC τ3 ∆ /V
+
∑
n=1
(2n + 2)2n
(4n+ 3)!!
Θ2n−1 (−τ3)n+1 (V ∆V )
+
∑
n=0
1
(4n + 3)!!
{1
2
θ ∆/V − ∆θ /V }/V 2n τ3n+1. (A.35)
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Corresponding to (A.28) we write them as
∆ ΘC = ∆θ + d Σ
1
C [∆θ] + Σ
2
C [∆θ],
∆ ΘS = d Σ
1
S[∆θ] + Σ
2
S[∆θ], (A.36)
where Σ
1
[∆θ] is obtained from Σ
1
(δθ) by replacing δθ by c∆θ and remove c from the left
and put minus on it ( due to the existence of d on it in the definition).
Σ
1
C [∆θ] =
∑
n=0
2n+ 2
(4n+ 5)!!
[ Θ2n+1 /V θ,∆θ − (2n+ 1) Θ2n (Vθ,∆θ V ) ](−τ3)n+1,
Σ
1
S[∆θ] =
∑
n=0
2n+ 1
(4n+ 3)!!
[ Θ2n /V θ,∆θ + 2n Θ2n−1 (Vθ,∆θ V ) ](−τ3)n+1. (A.37)
Σ
2
[∆θ] is obtained from Σ
2
(δθ) and satisfies, from (A.31)
Σ
2
C [∆θ] = −
1
2
Σ
1
S[∆θ] d/V − ΘS /V ∆θ,dθ,
Σ
2
S[∆θ] = (
1
2
Σ
1
C [∆θ] d/V − ΘC /V ∆θ,dθ ) τ3. (A.38)
The variations of Σ1[g]’s under even variation ∆fθ = f is expressed as
∆[f(Σ
1
C [g]]) ≡ dΛ1C + Λ2C ,
∆[f (Σ
1
S[g]]) ≡ dΛ1S + Λ2S (A.39)
so that Λ’s do not contain df and dg. The explicit form of Λ’s are
Λ1C =
∑
n=0
(2n+ 2)(2n+ 1)
(4n+ 5)!!
[
1
2
Θ2n/V θ,[f/V θ,g] − 2n Θ2n−1/V θ,[f(V Vθ,g])
+ 2n(2n− 1) Θ2n−2(V Vθ,f)(V Vθ,g) ] (−τ3)n+1,
Λ1S =
∑
n=1
(2n+ 1)(2n)
(4n+ 3)!!
[
1
2
Θ2n−1/V θ,[f/V θ,g] + (2n− 1) Θ2n−2/V θ,[f(V Vθ,g])
+ (2n− 1)(2n− 2) Θ2n−3(V Vθ,f)(V Vθ,g) ] (−τ3)n+1. (A.40)
Λ2’s are related to Λ1’s by
Λ2S = −
1
2
Λ1Cτ3d/V − ΘCτ3/V f,g − Σ1C [[g]τ3/V f ],dθ,
Λ2C =
1
2
Λ1Sd/V + ΘS/V f,g − Σ1S[[g]/V f ],dθ. (A.41)
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Finally we give lists of ”signs” when spinors are interchanged in the bi-linear forms in
table.6.16.
Table 2: Signs of bi-spinor forms under transposition
(sign) for (χ, φ) with their sign
bi-linear forms (odd,odd) (odd,even) (even,odd) (even,even)
χ S1 φ = (sign) φ S1 χ − − − +
χ C1 φ = (sign) φ C1 χ − + + +
for odd V
χ S1 /V φ = (sign) φ /V S1 χ − + + +
χ C1 /V φ = (sign) φ /V C1 χ + + + −
for even V
χ S1 /V φ = (sign) φ /V S1 χ + + + −
χ C1 /V φ = (sign) φ /V C1 χ + − − −
21
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